Spirochaetes are bacteria responsible for several serious diseases, including Lyme disease (Borrelia burgdorferi), syphilis (Treponema pallidum) and leptospirosis (Leptospira interrogans), and contribute to periodontal diseases (Treponema denticola) 1 . These spirochaetes employ an unusual form of flagella-based motility necessary for pathogenicity; indeed, spirochaete flagella (periplasmic flagella) reside and rotate within the periplasmic space 2-11 . The universal joint or hook that links the rotary motor to the filament is composed of ∼120-130 FlgE proteins, which in spirochaetes form an unusually stable, high-molecular-weight complex 9,12-17 . In other bacteria, the hook can be readily dissociated by treatments such as heat 18 . In contrast, spirochaete hooks are resistant to these treatments, and several lines of evidence indicate that the high-molecular-weight complex is the consequence of covalent crosslinking 12, 13, 17 . Here, we show that T. denticola FlgE selfcatalyses an interpeptide crosslinking reaction between conserved lysine and cysteine, resulting in the formation of an unusual lysinoalanine adduct that polymerizes the hook subunits. Lysinoalanine crosslinks are not needed for flagellar assembly, but they are required for cell motility and hence infection. The self-catalytic nature of FlgE crosslinking has important implications for protein engineering, and its sensitivity to chemical inhibitors provides a new avenue for the development of antimicrobials targeting spirochaetes.
Spirochaetes are bacteria responsible for several serious diseases, including Lyme disease (Borrelia burgdorferi), syphilis (Treponema pallidum) and leptospirosis (Leptospira interrogans), and contribute to periodontal diseases (Treponema denticola) 1 . These spirochaetes employ an unusual form of flagella-based motility necessary for pathogenicity; indeed, spirochaete flagella (periplasmic flagella) reside and rotate within the periplasmic space [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The universal joint or hook that links the rotary motor to the filament is composed of ∼120-130 FlgE proteins, which in spirochaetes form an unusually stable, high-molecular-weight complex 9, [12] [13] [14] [15] [16] [17] . In other bacteria, the hook can be readily dissociated by treatments such as heat 18 . In contrast, spirochaete hooks are resistant to these treatments, and several lines of evidence indicate that the high-molecular-weight complex is the consequence of covalent crosslinking 12, 13, 17 . Here, we show that T. denticola FlgE selfcatalyses an interpeptide crosslinking reaction between conserved lysine and cysteine, resulting in the formation of an unusual lysinoalanine adduct that polymerizes the hook subunits. Lysinoalanine crosslinks are not needed for flagellar assembly, but they are required for cell motility and hence infection. The self-catalytic nature of FlgE crosslinking has important implications for protein engineering, and its sensitivity to chemical inhibitors provides a new avenue for the development of antimicrobials targeting spirochaetes.
We have systematically examined the nature and synthesis of the FlgE crosslink in Treponema denticola, and also examined the role of crosslinking with respect to motility. The FlgE high-molecularweight complex (HMWC) from T. denticola was isolated from the periplasmic flagella (PFs) of wild-type (WT) T. denticola and from polyhooks (PHs) of the T. denticola FliK mutant (Fig. 1a ). T. denticola FliK overproduces FlgE in the form of polyhooks and lacks flagellar filament proteins ( Supplementary Fig. 1) 14 . As found previously for T. denticola and also for Treponema phagedenis and B. burgdorferi, FlgE from purified PFs and PHs form a ladder on SDS-polyacrylamide gel electrophoresis (PAGE) at masses greater than 200 kDa (monomer M w ∼50 kDa; Fig. 1b ) [12] [13] [14] 17 . These HMWCs from PFs and PHs were relatively stable to boiling or treatment with formic acid (FA), 8 M urea or the thiol reductants β-mercaptoethanol (BME) and dithiothreitol (DTT) ( Fig. 1b and Supplementary Fig. 1 ). This remarkable stability indicates covalent linkages between subunits that are not disulfide bonds 12, 13, 17, 19 .
To investigate whether isolated FlgE proteins could also undergo crosslinking, we produced and purified recombinant T. denticola FlgE (rFlgE) as a His 6 -tagged protein. Dialysis against 1 M ammonium sulfate, pH 8.5, at 4°C, resulted in consistent, robust and time-dependent polymerization ( Fig. 1c,d) . The amount and apparent mass of the HMWCs steadily increased with time up to 24 h, with ∼25% remaining monomeric ( Fig. 1e ). Similar to FlgE derived from hook samples, the HMWC produced by rFlgE was stable to all disrupting agents tested ( Fig.1f and Supplementary Fig. 1 ). Thus, the covalent polymerization of FlgE is self-catalysing and requires no additional proteins.
To identify the FlgE covalent crosslink, rFlgE monomer and multimer bands were isolated separately from SDS-PAGE gels and subjected to trypsin digestion followed by liquid chromatography mass spectrometry (LC-MS) analysis. The elution chromatograms ( Supplementary Fig. 2 ) revealed a region of difference between the HMWC and monomer samples that was attributed to a peptide of 3,732.9290 Da in the former (Fig. 2 ). The mass of this peptide corresponds to a stretch of FlgE that encompasses the tryptic peptides T13-T14-T15 (numbered for their order in the sequence), with no internal cleavages, but an additional mass loss of 16 Da ( Fig. 2a ). Alternatively, if the peptide contains one tryptic cleavage site it could comprise two segments from different subunits linked by a modification that removes 34 Da, the equivalent of two N or O atoms or one S atom (and the respective associated protons; Fig. 2a ). Tandem mass spectrometry (MS/MS) fragmentation produced a b-ion series of sequence IINTSGQTED ( Fig. 2b ), which confirms that the peptide N-terminus belongs to T13 ( Fig. 2a ). However, no C-terminal y-ions are observed in the MS/MS spectrum, which is highly unusual (Fig. 2b ). Also surprisingly is the fact that the mass includes no carbamidomethyl modification of the lone T15 cysteine residue resulting from the iodoacetamide treatment of the MS preparation. This absence suggests that there is no reactive thiol in the peptide, even though its sequence should include Cys178. To confirm that the 3,732.9290 Da peptide contained the C-terminus of T15, a rFlgE N175A substitution was produced; this protein crosslinked and was shown by MS to generate a peptide of the expected altered mass ( Supplementary Fig. 3 ). Consistent with the involvement of T13-T14-T15 in crosslinking, peptides T13, T14 and T15 have ∼2.5× lower abundance in the HMWC compared to monomeric rFlgE (Supplementary Tables 1 and 2) .
To better define the origin of the 34 Da mass loss, highresolution mass fragments from complete MS/MS data sets of the HMWC were evaluated for agreement with the ions predicted by the various possibilities ( Supplementary Fig. 4 ). The data were most consistent with T13-T14-T15 undergoing one peptide hydrolysis (+H 2 O) and loss of SH 2 ( Supplementary Fig. 4 ). Thus, the mass analysis indicates a lysinoalanine crosslink between one of the two internal Lys residues (165 or 169) and Cys178 that has converted to dehydroalanine ( Fig. 2a ). Indeed, amino-acid analysis of the rFlgE HMWC and monomer samples revealed a substantially higher amount of lysinoalanine in the HMWC than in the monomer ( Supplementary Fig. 5 ). These results are consistent with our finding that optimal in vitro HMWC synthesis occurs under alkaline conditions ( Fig. 1c,d .e) 20 -lysinoalanine formation is known to be enhanced by high pH (ref. 21) .
To unambiguously define the crosslinking pattern and show that the lysinoalanine adduct occurs between subunits, we performed crosslinking of natural abundance 14 N-containing rFlgE and rFlgE isotopically labelled with 15 N. MS/MS analysis of the HMWCs from the mixed sample revealed the expected 14 N-14 N and 15 N-15 N peptides, as well as variants corresponding to the two mixed species 14 N-15 N and 15 N-14 N ( Fig. 2c and Supplementary  Fig. 6 ). The isotope substitution patterns of the mixed peptides are fully consistent with a lysinoalanine crosslink between positions 165 and 178. Lending support to the hypothesis that Cys178 converts to dehydroalanine before or during reaction with Lys165, we found that BME inhibits crosslinking of rFlgE by producing a thioether linkage to dehydroalanine at residue 178 ( Supplementary Fig. 7 ). Thiol groups are known inhibitors of lysinoalanine synthesis 21 .
To confirm that the in vitro catalysed formation of the HMWC represents crosslinking in vivo, PHs purified from T. denticola FliK were shown by MS to contain the 3,732.9290 Da lysinoalaninecontaining peptide ( Supplementary Fig. 8 ). We also determined that FlgE from another spirochaete, B. burgdorferi, undergoes a similar crosslinking reaction. The B. burgdorferi FlgE sequence (53.9% identical to that of T. denticola) fortuitously contains an additional tryptic cleavage site between K165 and C178, and thus the B. burgdorferi crosslinked peptide will comprise T17-T18 linked to non-contiguous T20 ( Fig. 2a ). PHs obtained from the B. burgdorferi FliK mutant 12 were analysed by MS/MS and shown to contain the expected crosslinked peptide ( Fig. 2d ). MS/MS spectra resolved both a b-ion series for the T17 N-terminus, and a short y-ion sequence for the T20 C-terminal NLDK residues ( Fig. 2d ), thereby providing unequivocal evidence for covalent crosslinking of B. burgdorferi FlgE in vivo.
We then evaluated the ability of residue substitutions to alter crosslinking of rFlgE in vitro. As expected, the K165A and C178A substitutions completely abrogated any crosslinking ( Fig. 3a ), even after 1 week of incubation ( Supplementary Fig. 1 ). Interestingly, the N179A variant was also completely inactive. In contrast, the rFlgE proteins containing K169A, N175A and D181A substitutions effectively produced the HMWC (Fig. 3a) . A phylogenetic analysis of FlgE proteins across bacterial species indicates that K165 is invariant in spirochaetes and that position 178 is conserved as either Cys or Ser, the latter of which is also known to participate in lysinoalanine formation 21 ( Supplementary Fig. 9 ). Other bacteria do not conserve these residues ( Supplementary Fig. 9 ) and hence the FlgE crosslink is probably an adaptation to the demands placed on the spirochaete PFs. A homology model of T. denticola FlgE was constructed from the crystal structure of the S. enterica protein, and this model was elaborated into a hook structure based on the 7 Å electron microscopy (EM) map of the S. enterica hook 22 (Fig. 3b ). The symmetry of the S. enterica hook closely positions K165 of one T. denticola FlgE subunit relative to Cys178 and Asn179 of the adjacent subunit. However, in the FlgE crystal structure, Cys178 projects away from the interface and instead resides within a β-barrel of the FlgE D2 subunit (Fig. 3b ). Sequence conservation suggests that the T. denticola and S. enterica Figure 2 | MS analysis of T. denticola and B. burgdorferi HMWCs indicates that the crosslink is lysinoalanine. a, Trypsin fragments involved in crosslinking in T. denticola and B. burgdorferi. Blue brackets indicate the crosslinks, with concomitant loss of mass (34.0762 Da). The crosslink proposed for T. denticola involves C178 (orange), its conversion to dehydroalanine (dehydroA) and its link to K165 (red). b, MS/MS spectrum of T. denticola crosslinked peptide. T. denticola FlgE Cys178 to undergo conversion to dehydroalanine and react with BME does verify that the 178 side chain can become exposed. Results from the in vitro mutagenesis experiments suggested a strategy for assessing the importance of FlgE crosslinking for in vivo function. We constructed a T. denticola flgE deletion mutant (ΔflgE) and five mutants containing single-residue substitutions in FlgE. We also constructed a strain with the WT flgE gene replacing ΔflgE (Td FlgE*). Western blot analysis indicated that FlgE was detected in the WT and mutants with the residue substitutions, but not in ΔflgE (Fig. 4a ). Interestingly, FlgE HMWCs were detected in whole-cell lysates from WT, TdflgE*, TdK169A or TdD181A, but not from TdK165A, TdC178A or TdN179A. Thus, K165, C178 and N179 are essential for the FlgE crosslinking both in vitro and in vivo.
Previous studies have shown that T. denticola FlgE is required for flagellin (FlaB) protein synthesis, flagellar filament assembly and motility 23, 24 . Thus, we investigated the effect of the FlgE substitution mutants on flagellar filament assembly. Western blot analysis of whole-cell lysates with FlaB antibody detected no difference in reactivity in the substitution mutants compared to the WT (Fig. 4a) . In contrast, no FlaB proteins were detected in the ΔflgE mutant. Cryoelectron microscopy (cryo-EM) analysis confirmed that those mutants deficient in crosslinking produced normal appearing PFs ( Fig. 4b and Supplementary Fig. 10 ). Furthermore, no difference in hook structure was evident among intact cells of WT and TdK165A, TdC178A and TdN179A, as observed in cryo-electron tomography (cryo-ET) analysis of the cell ends ( Supplementary  Fig. 11 ). We tested to see whether the mutants that lacked crosslinking were deficient in motility. Cell tracking experiments indicated that the ΔflgE cells were totally non-motile ( Fig. 4c) . Importantly, mutant cells TdK165A, TdC178A and TdN179A were unable to translate, even though generated motion was evident along the cell bodies ( Fig. 4c and Supplementary Videos 1-4) . In contrast, the TdK169A and TdD181A mutant cells had similar swimming behaviours as that of the WT and TdFlgE* cells. These results indicate crosslinking of FlgE is essential for T. denticola motility.
The flagellar hooks of spirochaetes thus undergo an unprecedented chemical crosslinking reaction that polymerizes the FlgE subunits and probably lends stability to the hook. The hook is known to be the most flexible component of the flagellar apparatus in other bacteria 25 , and covalent crosslinking of proteins is known to add structural stability 26, 27 . A mechanically stable hook structure may be essential for motility of spirochaetes because of the intimate interaction between the flagella and cell body in the periplasmic space. Covalent crosslinking is uncommon in bacteria, with known examples involving isopeptide and ester bonds catalysed by sortases 27 , transglutaminases 28 or the proteins themselves 19, 27 . Most notably, proteins that self-catalyse their own covalent polymerization are quite rare, and the only known example is found in phage head proteins 19 . Although lysinoalanine occurs in some lantibiotics and as a byproduct of heating or preserving food or proteins, no specific function for this modification in proteins has been described previously 21, 29 . The self-catalysing nature of the FlgE crosslink could conceivably be exploited in protein engineering. Importantly, blocking lysinoalanine synthesis with agents reactive to dehydroalanine may offer a new avenue for antimicrobial development against spirochaete infection.
Methods
Bacterial strains and growth conditions. T. denticola ATCC 35405 was grown anaerobically in oral bacterial growth medium (OBGM) containing 10% heatinactivated rabbit serum at 37°C (refs 23,30,31) . For semisolid medium, 0.7% lowmelting-point SeaPlaque agarose was incorporated into the OBGM medium, and the plates were poured after inoculating a bacterial suspension into the medium at 37°C (ref. 24) . Escherichia coli TOP10 strain (Invitrogen) was used for routine plasmid constructions and preparations. An E. coli dam − /dcm − strain (New England BioLabs) was used to prepare unmethylated plasmids and the E. coli BL21 Star (DE3) strain (Invitrogen) was used for preparing recombinant proteins. Unless noted, E. coli strains were cultured in lysogeny broth (LB) supplemented with appropriate concentrations of antibiotics. The fliK mutation, which results in PH production 14 , was originally constructed in ATCC strain 33520 and was transferred by electroporation and erythromycin selection into ATCC 35405. This strain is designated as TdFliK. The description, growth and construction of the B. burgdorferi ΔfliK mutant, here named B. burgdorferi FliK, have been described previously 12 .
Preparation of rFlgE antiserum. To prepare a T. denticola Figure 4 | T. denticola mutants unable to form FlgE crosslinks are deficient in motility but still form intact flagella. a, Representative western blots of mutant cell lysates reacted with antibodies to FlgE and FlaB. pBA (T. denticola thiamine binding protein A) served as a loading control 31 . TdFlgE* carries the WT flgE gene replacing the ΔflgE mutation. b, Representative cryo-EM of TdC178A mutant indicating that its structure is similar to the WT (compare with Fig. 1a ). c, Cell velocities of mutants using computer-based video tracking. Approximately ten cells of each strain were tracked and plotted, and the error bars represent standard deviations (s.d.). P values of <0.01 (one-way ANOVA) were considered significant. ΔflgE, TdK165A, TdC178A and TdN179A are significantly different from the WT and TdflgE*.
incomplete adjuvant. Immunizations were conducted at General Biosciences Corporation, which is a USDA-approved Animal Research Facility. The facility meets and maintains high ethical and welfare standards in the area involving interactions with animals. The obtained antiserum was tested by immunoblotting.
Construction of E. coli strains producing mutant rFlgE proteins. E. coli strains were constructed bearing the following specific T. denticola flgE residue substitutions: K165A, K169A, N175A, C178A, N179A and D181A. First, the fulllength flgE gene (TDE2768) was PCR amplified and then cloned into pGEM-T vector (Promega). All primers are listed in Supplementary Table 6 . The cloned flgE gene was used as the template to construct the mutated genes. In the following we describe how we constructed K165A as an example. The usage codon for K165 in the flgE gene was substituted with the one for Ala by PCR using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). To express the altered protein, the entire orf of flgE(K165A) was PCR-amplified using Platinum pfx DNA polymerase and then cloned into the pET200/D-TOPO expression vector with an N-terminal 6×His (His 6 ) fusion tag. A similar method was used to construct E. coli strains bearing the WT and K169A, N175A, C178A, N179A, and D181A substitutions; all substitutions were confirmed by DNA sequence analysis.
Isolation of rFlgE proteins for in vitro crosslinking. In vitro synthesis of the HMWC and stability treatments. HMWCs were obtained by dialysis of T. denticola rFlgE (0.25-0.75 mg) at pH 8.5 in 40 mM Tris, 0.9% NaCl and 1 M ammonium sulfate for 48 h. These conditions were found to be optimal for FlgE in vitro crosslinking 20 . Renaturation of rFlgE presumably occurred during dialysis and HMWC formation. Furthermore, ammonium sulfate is known to promote in vitro hook assembly in other bacteria 33 . The stability of the PFs, PHs and in vitro HMWC were determined. Samples were suspended in 50 mM Tris, pH 7.0, and treated as follows: boiled for 10 min; boiled in 1 M FA for 5 min, followed by dialysis in 50 mM Tris, pH 7.0; treated in 8 M urea for 12 h at 4°C; treated with 50 mM BME for 24 h or 10 mM DTT for 24 h, 4°C.
Construction of T. denticola flgE mutant strains. To construct T. denticola strains with residue substitutions in flgE, we first constructed a deletion mutant. The entire flgE gene was inactivated by targeted mutagenesis mediated by allelic exchange as described previously 34 . The vector for the mutagenesis was constructed by multiplestep PCR. First, the flgE upstream region (Region 1), its downstream region (Region 2) and a modified gentamicin resistance gene (aacC m ) 34 were PCR-amplified, respectively. Second, Region 1 and aacC m were linked by PCR. Third, the Region 1-aacC m and Region 2 fragments were fused by PCR. The final fragment Region 1-aacC m -Region 2 was cloned into pGEM-T Easy vector, yielding flgE::aacC m with the entire flgE gene being deleted and in-frame replaced with aacC m . The flgE::aacC m plasmid was purified from either the TOP10 or E. coli dam − /dcm − strain as previously described 35 . To inactivate flgE, 10 µg of linearized flgE::aacC m was transformed into the WT strain by electroporation. Mutants were selected on OBGM semisolid agar plates containing 20 µg ml -1 gentamicin. PCR analysis was used to determine if the allelic exchange flgE in these clones occurred as predicted 34 .
The PCR results showed that the entire flgE gene in the mutant was deleted and replaced by aacC m , as expected. The obtained mutant was referred to as ΔflgE. By replacing the aacCm cassette in the ΔflgE mutant, we constructed mutants bearing residue substitutions in flgE. Specifically, we selected for either the WT or its five mutated versions of flgE, including K165A, K169A, C178A, N179A and D181A. The vectors for allelic exchange were constructed by multiple-step PCR. First, the flgE upstream region (Region 1), its downstream region (Region 2) and an erythromycin resistance gene cassette (erm) 36 were PCR amplified, respectively. An AvrII cut site was engineered at the 3′ end of the erm cassette. In the second step, Region 1 and erm were linked by PCR. In the third step, the Region 1-erm and Region 2 fragments were fused by PCR. The final fragment Region 1-erm-Region 2 was cloned into pGEM-T Easy vector, yielding the flgE::erm vector. The WT flgE and its mutated versions were PCR-amplified with AvrII cut sites at both ends. The obtained PCR fragments were first cloned into pGEM-T Easy vector and then released with AvrII. The flgE fragments were then inserted into the flgE::erm vector at the AvrII restriction cut site, yielding Region 1-erm-flgE-Region 2 plasmids. To introduce the constructs into T. denticola cells, 10 µg of the unmethylated plasmids were transformed into ΔflgE by electroporation. The clones were selected on OBGM semisolid agar plates containing 50 µg ml -1 erythromycin. Mutant confirmation was obtained by PCR and DNA sequencing analysis. The results showed that the aacCm cassette was replaced either by the WT flgE or by the five mutated ones, as expected.
The obtained mutant strains are named as follows: TdK165A, TdK169A, TdC178A, TdN179A and TdD181A. The deletion strain carrying the replaced WT flgE is named TdflgE*.
Isolation of PFs and PHs. PFs from the T. denticola WT and PHs from the TdFliK mutant were purified using a procedure similar to that used to isolate these structures from B. burgdorferi 12 . Approximately 100 ml of late logarithmic phase WT or mutant cells at a density of 8 × 10 8 cells ml −1 were centrifuged at 7,200g for 20 min at 4°C and washed twice at this temperature in 30 ml 150 mM phosphate buffered saline, pH 7.4. The cell pellet was then suspended in 30 ml 0.15 M Tris buffer (T buffer) at pH 6.8, centrifuged at 7,200g for 20 min at 4°C and resuspended in 15 ml T buffer. Triton X-100 was added to a final concentration of 2% and incubated for 30 min at 23°C. Approximately 20 ug ml -1 mutanolysin (Sigma) were added, incubated for 2 h at 23°C while mixing and then overnight at 4°C. The PFs or PHs were precipitated by the addition of 2 ml of 20% polyethylene glycol 8,000 in 1 M NaCl and centrifuged at 27,000g for 30 min at 4°C. The supernatant fluid was discarded, and the pellet was washed in 5 ml T buffer, incubated for 30 min, then centrifuged as before. The pellet was resuspended and incubated for 1 h in 0.1 M KCl/KOH, pH 11, with 50 mM sodium bicarbonate, 50 mM Tris, 0.5 M sucrose and 0.1% Triton X-100 in a final volume of 5 ml. The PFs or PHs were then centrifuged at 80,000g for 45 min at 4°C. The PFs or PHs were washed by resuspending in 50 mM Tris, pH 7.0 and centrifuging as before at 80,000g. The final pellets containing PFs and PHs were resuspended in 50 mM Tris, pH 7.0. PHs from the B. burgdorferi FliK mutant were purified using an identical procedure 12 .
SDS-PAGE and western blot analysis. SDS-PAGE was carried out using both the standard technique 12, 31, 37 and the Bolt system (Life Technologies), which enhances the separation of high-molecular-weight proteins. The Bolt system was used for all analyses except those in Fig. 4 . Approximately 5.0 µg protein (BioRad, Bradford) was loaded per lane, and electrophoresed in 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer (pH 8.8) at 165 V in 10% Bis Tris Plus polyacrylamide precast gels (Life Technologies). Molecular weight markers were obtained from BioRad or Life Technologies, and Imperial stain (ThermoFisher) was used to stain gels. For western blotting, 0.25-0.50 µg of total protein was loaded per lane, electrophoresed and transferred to polyvinyl difluoride (PVDF) membranes. Immunoblots were probed with rat polyclonal antibody against T. denticola rFlgE and secondary horse-radish-peroxidase (HRP) labelled polyclonal goat anti-rat antibodies. T. denticola FlaB was detected using anti-FlaB rabbit polyclonal antiserum immunized against T. phagedenis FlaB (ref. 38) , which reacts with T. denticola FlaB proteins 14, 38 and HRP donkey anti-rabbit antibodies. Mouse antisera to T. denticola thiamine binding protein A (pBA) have been described previously 31 . An enhanced chemiluminescent detection system (ThermoFisher) was used to assay for immunoreactivity. For densitometry analysis, protein gels were scanned with a BioRad Chemi-Doc Touch Imaging System. Data were entered into BioRad Image Lab Version 5.2.1 software for analysis. Except as noted, at least three gels or blots were analysed, and representative images are shown.
Motion tracking assays. For the motion tracking analysis, 100 µl of midlogarithmic-phase T. denticola cultures was first diluted (1:1) in fresh OBGM and then 10 µl was mixed with an equal volume of 2% methylcellulose (Sigma, MC4000). Cells were videotaped and tracked using a computer-based bacterial tracking system and the mean cell velocity (µm s −1 ) was calculated as previously described 39 . The significance of the difference between different strains was evaluated with one-way analysis of variance (ANOVA). P values <0.01 were considered significant.
Lysinoalanine analysis. The HMWC and the monomer were partially purified using agarose gel-electrophoresis 40 . The in vitro formed HMWC was dialysed against 90 mM Tris, 90 mM borate, pH 8.5, treated with Bolt or standard sample buffer for 5 min at 70°C and electrophoresed in 2% agarose flanked by Dual Color marker proteins. Based on the position of molecular weight markers, regions corresponding to monomer (∼50 kDa) and HMWCs (∼150 kDa and ≥250 kDa) were excised and electroeluted. Monomeric rFlgE from the gel was isolated using this same procedure. Aliquots of electroeluted proteins were analysed by SDS-PAGE and submitted for amino-acid analysis. Purified lysinoalanine (Indofine Chemical Co.) was used to determine the retention time and quantitate lysinoalanine. Levels of lysinoalanine were normalized to Gly, Ala and Tyr.
Mass-spectrometry analysis. Sequence grade acetonitrile (ACN), Optima grade water, trifluoroacetic acid (TFA) and FA were purchased from Fisher Scientific. Ammonium biocarbonate, iodoacetamide (IAM), DTT, tris-(2-carboxyethyl) phosphine (TCEP), were purchased from Sigma. Modified porcine trypsin was purchased from Promega. The rest of the chemical reagents, unless otherwise noted, were obtained from Aldrich. The monomer and crosslinked multimer of T. denticola and B. burgdorferi FlgE protein were separated on an SDS gel as described already. The protein bands were cut into ∼1 mm cubes and subjected to in-gel digestion followed by extraction of the tryptic peptides as reported previously 41 . The excised gel pieces were washed consecutively in 200 µl distilled water, 100 mM ammonium bicarbonate (Ambic)/ACN [1:1] and then ACN. The gel pieces were reduced with 70 µl of 10 mM DTT in 100 mM Ambic for 1 h at 56°C and then alkylated with 100 µl of 55 mM iodoacetamide in 100 mM Ambic at room temperature in the dark for 60 min. After wash steps as described above, the gel slices were dried and rehydrated with 50 µl trypsin in 50 mM Ambic, 10% ACN (20 ng µl -1 ) at 37°C for 16 h. The digested peptides were extracted twice with 70 µl of 50% ACN, 5% FA and once with 70 µl of 90% ACN, 5% FA. Extracts from each sample were combined and evaporated to dryness by a Speedvac SC110 (Thermo Savant). The sample was reconstituted in 20 µl of 0.1% FA with 2% ACN before nanoLC UV-vis-MS/MS analysis. For peptide mapping by nanoLC/MS/MS analysis, the in-gel tryptic digests were reconstituted in 20 µl of 0.5% FA for nanoLC-ESI-MS/MS analysis, which was carried out by a LTQ-Orbitrap Elite mass spectrometer (Thermo-Fisher Scientific) equipped with a 'CorConneX' nano ion source device (CorSolutions). The Orbitrap was interfaced with a Dionex UltiMate3000RSLCnano system (Thermo). The gel extracted peptide samples (5 µl) were injected onto a PepMap C18 trap columnnano Viper (5, 100 µm × 2 cm, Thermo) at a flow rate of 20 µl min -1 for on-line desalting and then separated on a PepMap C18 RP nano column (3, 75 µm × 15 cm, Thermo), which was installed in the nano device with a 10 µm spray emitter (NewObjective). The Orbitrap calibration and nanoLC-MS/MS operation were as previously described 42 . The peptides were eluted with a 90 min gradient of 5-38% ACN in 0.1% FA at a flow rate of 300 nl min -1 , followed by a 5 min ramping to 95% ACN-0.1% FA and a 7 min hold at 95% ACN-0.1% FA. The Orbitrap Elite was operated in positive ion mode with nano spray voltage set at 1.5 kV and source temperature at 250°C.
In an initial screening experiment for crosslinked peptides, in-gel digests of T. denticola rFlgE monomer band and multimer bands were analysed by a nanoLC UV-vis-MS/MS approach in which ultraviolet 214 nm wavelength in the nanoLC setting was monitored along with online Orbitrap MS and MS/MS detection, specifically focusing on the different UV-vis-MS chromtograph profiles between monomer and multimer samples for possible crosslinked tryptic peptides. This analytical approach and setting was successfully tested and calibrated to the injection of 2 pmol bovine serum albumin tryptic digest to establish an 11 min delay time for the MS signal compared to ultraviolet signals before analysis for FlgE proteins. The Orbitrap Elite was operated in parallel data-dependent acquisition (DDA) under Fourier transform ion trap (FT-IT) mode using a Fourier transform (FT) mass analyser for one MS survey scan from m/z 375 to 1,800 with a resolving power of 120,000 (full-width at half-maximum (FWHM) at m/z 400) followed by MS/MS scans on the top 15 most intense peaks with multiple charged ions above a threshold ion count of 10,000 in an LTQ mass analyser. Internal calibration was performed using the background ion signal at m/z 445.120025 as a lock mass or external calibration for the FT mass analyser. The dynamic exclusion parameters and normalized collisional energy were set the same as previously described 42, 43 . All data were acquired using the Xcalibur 2.2 operation software (Thermo-Fisher Scientific). Data are representative of three analysed peptides.
For high-resolution mass fragments from MS/MS data ( Supplementary Fig. 4 ), trypsin digested in vitro formed HMWCs, and monomer peptides were analysed by LC-ESI MS using a QTrap5500 (AB Sciex Toronto) at Protea Biosciences. Peptides were separated at 35uC on a Kinetex 10,062.1 mm C18 column on a Shimadzu LC-20AD HPLC using a 120 min gradient. The mass range acquired (m/z) was 100-1,000 and the three most intense multiply charged ions with ion intensities above 50,000 in each MS scan were subjected to MS/MS 12 .
For data analysis, MS and MS/MS raw spectra were processed using Proteome Discoverer 1.4 (PD1.4, Thermo) and output as MGF files by PD1.4 for subsequent database search with the Mascot searching engine (2.3.02, Matrix Science) against the Trembl database (1,371,358 entries downloaded on 23 June 2011) with a taxonomy of 'Other Bacteria'. The Mascot search was performed by allowing for two missed trypsin cleavage sites. The peptide tolerance was set to 10 ppm and MS/MS tolerance to 0.8 Da. Variable modifications on methionine oxidation, carbamidomethyl modification of cysteine and deamindation of asparagine and glutamine were monitored. The peptides with low confident score <25 under 95% confidence intervals, as defined by Mascot, were filtered out and the remaining peptides were considered for the peptide identification with modifications. All MS/MS spectra for peptides containing the crosslinked tryptic peptide (148-182) identified from the initial database searching were manually inspected and validated using both Mascot 2.3 and Xcalibur 2.2 software. All unique target peptides identified in the Td rFlgE, Td PH and Bb PH samples and their corresponding sequence coverage are given in Supplementary Tables 3-5 . The MS/MS spectra for mixed 14 N-15 N labelled crosslinked peptides and BME modified crosslinked peptide were manually inspected and confirmed. The extraction ion chromatograms of each modified peptide ion with different charge states were obtained based on precursor ion m/z with a mass tolerance of 5 ppm in Xcalibur software.
Cryo-EM. Aliquots of 5 µl of purified PFs and PHs were placed on freshly glowdischarged holey carbon grids (Quantifoil Cu R2/2, 200 mesh). The grids were blotted with filter paper and rapidly frozen in liquid ethane, using a gravity-driven plunger apparatus. Cryo-EM samples were imaged on a 300 kV electron microscope (FEI Polara). Low-dose images were recorded on a direct electron detector (Gatan K2-Summit) at a magnification of ×15,500 (yielding an effective pixel size of 2.6 Å). A total dose of 20 electrons per Å 2 was divided into 30 frames. The frames were aligned and summed together to generate drift-corrected cryo-EM images. For each strain, we took at least 20 cryo-EM images. One representative image from each strain was shown as part of the results. Cryo-ET was used to study the hook structures in intact cells, as previously described 12 . Briefly, bacterial cultures were mixed with 10 nm gold markers and frozen rapidly in liquid ethane. Low-dose tilt series were recorded at a magnification of ×9,400 (yielding an effective pixel size of 4.6 Å). Three to five tomographic reconstructions were generated from the cell tips of each strain with a total of 19 reconstructions from the WT and TdK165A, TdC178A and TdN179A mutants.
Structural modelling of FlgE hook structure. The spirochaete hook model was constructed from many copies of a Td FlgE D1 and D2 domain homology model based on the atomic coordinates of the S. enterica FlgE structures (PDB code 1WLG) and derived by Swiss-Model. The hook polymer was produced by applying to the D1D2 model the symmetry operations determined from the EM structure of the S. enterica hook (PDB code 3A69).
